We show that quintessence, when it is described by a tachyonic field, can amplify a tiny primordial gradient generating a preferred direction in the sky. In its simplest realization, this mechanism only affects the Cosmic Microwave Background fluctuations at the quadrupole level. We briefly discuss how higher multipoles can also be affected, once the full structure of the quintessence potential is taken into account.
I. INTRODUCTION
The formulation of the cosmological principle [1] coincides with the birth of modern scientific cosmology. Over the last decades, homogeneity and isotropy of the Universe have been tested to increasing degrees of accuracy. In particular, the radiation of the Cosmic Microwave Background (CMB) is one of the most sensitive probes to test the isotropy of the Universe. The observed temperature of the CMB is observed to be uniform at zeroth order (once the dipole is subtracted): this result led to the formulation of the theory of primordial inflation. Moreover, approximate statistical isotropy appears to hold even for the small fluctuations of the CMB temperature.
In spite of these striking results, several analyses of the CMB fluctuation maps, starting from [2, 3] (see, e.g., [4] for a more recent analysis), have shown the existence of anomalies associated to some degree of breaking of statistical isotropy. Even though a clear consensus on the subject is still absent (e.g., see [5] for an up to date discussion) intensive work has been done in the past also as a response to the theoretical challenge of naturally generating a preferred directions in the sky. The models proposed usually rely either on early-Universe or on late-Universe mechanisms. While the former lead to an intrinsic anisotropy in the primordial spectrum of metric perturbations, the latter produce anisotropy in the observed CMB via anisotropic Sachs-Wolfe effect. EarlyUniverse mechanisms include [6] (see however [7] ) and [8] , that rely on vector fields or [9] , that rely on spinor fields, as well as [10, 11] , that rely on primordial gradients. Late-Universe mechanisms can invoke magnetic fields [12] or anisotropies in the dark energy equation of state [13] [14] [15] . Despite those many attempts, it is fair to say that breaking statistical isotropy usually requires strong and aesthetically unappealing assumptions.
In the present work we show a (relatively) natural mechanism that can give rise to a preferred direction in the CMB sky. This mechanism is a hybrid of early and a * lgrisa@physics.umass.edu † sorbo@physics.umass.edu late Universe ones and does not rely on vector fields or on unusual properties of the dark energy sector, but rather on a simple model of scalar dark energy, characterized by a non-trivial, tachyonic (V (φ) < 0) potential. Models of tachyonic quintessence frequently appear in the literature. For instance, if the quintessential scalar is described by a pseudo-Nambu-Goldstone Boson (pNGB) [16] , then half of the extrema of the potential V (φ) ∝ 1 + cos(φ/f ) are tachyonic. Another scenario of tachyonic quintessence was proposed in [17] , where the magnitude of the tachyonic mass is related to the height of the potential at its maximum.
Our main assumption is that a tachyonic field φ has a small primordial gradient. As the Hubble parameter drops below |V (φ)|, the initial gradient is amplified by the "pull" of its tachyonic potential, effectively converting a small primordial isocurvature perturbation into a larger curvature mode. In first approximation, this leads to an "ellipsoidal" Universe [12] which could explain the low quadrupole CMB amplitude observed in both COBE and WMAP data [18] , if the preferred direction in the quintessence correlated with that of the primordial quadrupole.
As we will see, our mechanism will be at work for a tachyonic mass a few times larger than Λ/M 2 Pl . This is, in particular, the case for a pNGB with value of the axion constant f slightly sub-Planckian.
The primordial gradient in φ can be a remnant of the epoch that preceded the last bout of inflation, provided that such last bout were sufficiently short (this argument will be discussed in greater detail in section V). In this respect, our scenario could shed some light on pre-inflationary dynamics, similarly to the situations studied, e.g., in [19] and especially [10] . In our case, a constant gradient can be the dominant remnant of a more general inhomogeneous initial value of the tachyonic field, i.e., we can expand φ ≈ κ 0 + κ 1 z p + κ 2 z 2 p + . . . -for sake of simplicity, we will only consider powers of the z coordinate, though the argument for the dominance of the linear term would still hold, were more generic terms considered -at N i ≡ N obs + δN e-foldings before the end of inflation (N obs corresponds to the time when the current cosmological scales left the horizon and z p to the physical distance along the z direction). We assume that each term κ k z −k δN to the energy in φ. This implies that the terms with the lowest powers in z p will give the largest contributions to the metric perturbations at sub-horizon scales. For this reason, our analysis will be focused on the approximation where, in the early Universe, φ = κ 1 z with φ(z = 0) being set equal to zero by an appropriate choice of the origin of the z coordinate.
The paper is organized as follows. In section II we set up our system and solve the corresponding Einstein equations. Sections III and IV contain the effect of our anisotropic metric on the redshift and in particular on the CMB quadrupole anisotropy. Section V contains a discussion of the magnitude of the primordial gradient responsible for the anisotropy. Finally, in the concluding section we will discuss how our mechanism could also lead to alignments of the higher multipoles.
II. THE METRIC
We consider the cylindrically symmetric cosmological metric
The non-vanishing components of the Einstein tensor are
where a dot denotes a derivative with respect to t and a prime a derivative with respect to z. We assume the presence of three contributions to the stress-energy tensor: pressure-less dust with energy density ρ, a cosmological constant Λ and a scalar field φ with canonically normalized kinetic term and potential V (φ) -in principle one can always consider Λ to be a part of V (φ) however we prefer to keep these two components separate as we will keep separate the cosmological constant problem and the breaking of statistical isotropy.
The components of the stress energy tensor of φ read
and throughout the paper we will consider φ to be a tachyon with potential V (φ) = −m 2 φ 2 /2. The stress energy tensor for dust has the general form T µν = ρ u µ u ν , with u µ ∇ µ u ν = 0. Let us now solve the above equations by assuming that the non-isotropic, non-homogeneous scalar field is the source of a perturbation around the FriedmannRobertson-Walker metric of a ΛCDM Universe. As a consequence, we write a(t, z) = a 0 (t) [1 + δa(t, z)] and b(t, z) = a 0 (t) [1 + δb(t, z)], where δa 1 and δb 1; the Friedmann equation for the background φ = 0 has exact solution
where H 0 is the current value of the Hubble parameter and Ω Λ ∼ 0.3 from observation. We can assume that the dust velocity field u µ is equal to (1 + δu 0 , 0, 0, δu z ) with δu 0 and δu z being first order quantities. Thus the geodesic equation for u µ reduces to δu 0 = 0 and a 2 0 δu z . = 0. Choosing δu z = 0 as t → 0, we obtain, up to second order in the perturbations, u µ = (1, 0, 0, 0). Then conservation of the stress-energy tensor for dust implies that ρ = ρ 0 /(a 2 b), where ρ 0 is the dust density at a fixed time.
Turning on the scalar field φ, we assume that, as described in the introduction (see also [11, 21, 22] ), the lowest terms in the expansion in powers of the coordinate z give the largest contributions to the anisotropy. Then, without loss of generality, we can set φ(z = 0) = 0 (remember that φ = 0 corresponds to the maximum of the tachyonic potential), so that
At leading order, the Klein-Gordon equationφ + 3Hφ − φ /a 2 0 − m 2 φ = 0 decomposes as
We then expand δa(t, z) = δa 0 (t) + δa 2 (t) z 2 + O(z 3 ) and δb(t, z) = δb 0 (t) + δb 2 (t) z 2 + O(z 3 ) (it is easy to see that, since at this level of approximation φ is odd in z, δa and δb must be even in z). The (tz) Einstein equation -at first order −2 δȧ = φ φ /M 2 Pl -gives rise to
The (zz) Einstein equation reads
The only non-trivial part of this equation is the one independent on z, as the rest is redundant with respect to the two previous equations:
The (tt) Einstein equation reads, at first order in δa and δb and using the background equations,
where the only term under control in the z n expansion is the one in z 0 (since δa is determined with O(z 3 ) accuracy, the presence of the term δa constrains the accuracy of this equation to be O(z) hence, at this level of approximation, δb can be determined only in its z 0 component). Therefore the only equation we obtain from the (tt) component is
where δψ 0 ≡ 2 δa 0 + δb 0 .
The explicit expressions of κ 1 (t), δa 0 (t) and δb 0 (t) are the following. The solution of eq. (6), using the expression (4) for a 0 (t), reads
where we defined the dimensionless quantities τ ≡ 3 2
√ Ω Λ H 0 t and
, and where the integration constantκ 1 is defined so that
It is straightforward to solve for δa 2 from eq. (7) using the found solution for φ(t, z) at the desired order:
where we have imposed δa 2 (t → 0) = 0. δa 0 can be computed by integrating eq. (9):
where once again δa 0 (t → 0) = 0.
Lastly, we compute the correction to the scale factor along the z direction, δb 0 , from (11):
III. THE PERTURBED REDSHIFT An observable quantity related to the metric found in the previous section is the angular dependence of the CMB radiation induced by the integrated Sachs-Wolfe effect on our system. We compute it in this and in the following section. Photons coming from the last scattering surface move along null geodesics:
where λ is the affine parameter along the worldline x µ (λ) of the photon. k µ = dx µ /dλ denotes the tangent (null) vector to the photon worldline.
It is convenient to introduce the conformal time η, so that the metric reads
This metric will allow us to factor out the dependence of the redshift ζ [23] on the scale factor so to effectively simplify the calculation. Let us perform the conformal transformation 
whereΓ µ νρ are the Christoffels symbols of the metric ds 2 , which is a first order perturbation around the Minkowski metric.
The photon worldline, x α (λ), can be expanded in a perturbation series
where the subscript B denotes a background quantity and δ denotes the first-order perturbation on it.
Since the background component of ds 2 describes a Minkowski spacetime, then the background null vector k µ B is constant. By appropriately scalingλ we imposē k
where n is a unit 3-vector, as we will eventually chooseλ = 0 for the observer of the CMB photon, with λ increasing as we go back in time. Given the symmetries of our spacetime, we can locate the observer at (x B ) O = (y B ) O = 0, while (z B ) O = z 0 remains arbitrary, so we have
The redshift of a source with four-velocity u µ S , as seen by an observer whose four-velocity is u µ O , is defined as
It is convenient to introduce a "conformal" redshiftζ, defined by adding a bar to all the quantities in eq. (22) and defining u µ = a
where we have used the fact that a 0 (η 0 ) = 1. We assume that the spatial components ofū 
where we have used the fact that the photon was emitted atλ =λ S and is observed atλ = 0. The quantity 
Thereforeζ is
where the first term corresponds to the intrinsic motions of the source and of the observer. The second term is associated to the integrated Sachs-Wolfe effect on our spacetime; the next section will be dedicated to a thorough discussion of this term.
IV. CMB ANISOTROPIES
The effect of our anisotropic space on the CMB spectrum is given by the integrated Sachs-Wolfe (iSW) effect:
Using (21), we tradeλ for η, moreover, since δa and δb rapidly vanish as η → 0, we can extend the integration to η = 0 (i.e.,λ S = η 0 ). We remind that δa ≈ δa 0 (η) + δa 2 (η) z 2 and δb ≈ δb 0 (η). Since δa 2 and δb 2 appear on the same footing in the equations above, and since δb 2 is undetermined at this level of approximation, we neglect also δa 2 in what follows. Thus we havē
where n z ≡ cos ϑ. The above expression can be integrated explicitlȳ
in which we have used δa 0 (η = 0) = δb 0 (η = 0) = 0. It is assumed that the direction of alignment of the gradient coincides precisely with the z axis. In order to find the equivalent expression when the gradient of φ is directed along a direction (Θ, Φ), we rotate the coordinate system (x, y, z) by an angle Φ around the z axis and by an angle Θ around the x axis. We thus obtain
We follow, e.g., [14] to find the effect on CMB. If T * is the CMB temperature at decoupling, then the observed temperature will be
, where a CMB is the scale factor at decoupling. Then the average observed temperature is T = dϕ d cos ϑ T (ϑ, ϕ)/4π and the anisotropy δT
. Its decomposition in spherical harmonics is given by
An explicit calculation allows to show that the only non-vanishing contributions from the anisotropic integrated Sachs-Wolfe effect are
with a 2,−1 = −a * 21 and a 2,−2 = a * 22 . These contributions have to be summed to the intrinsic quadrupole momentum of the CMB. It is possible to see that our contribution can help explaining the low quadrupole observed in CMB data, since it effectively gives rise to an "ellipsoidal" Universe [12] .
Let us quickly review the argument of [12] : we denote by a The quadrupole amplitude is defined by Q are appropriately chosen, then one can obtain a "low" value of Q 2 5.3 × 10 −6 even if the prediction for a spherical Universe, Q I 1.3 × 10 −5 , would be higher. In particular, from the analysis of [24] , we can extract the required value of |δb 0 (η 0 ) − δa 0 (η 0 )| 2 × 10 −5 . It is however important to note that the cancellation of the intrinsic quadrupole component by the integrated Sachs-Wolfe effect associated to the ellipsoidal Universe requires a correlation between the primordial and the late components, as discussed already in [18] and quantified in [25, 26] . Even in the absence of correlations with the intrinsic quadrupole, the effect on the CMB provides the strongest constraints on our scenario: those constraints can be expressed as |δb 0 (η 0 ) − δa 0 (η 0 )| 2 × 10 −5 . In figure 1 , we show the log-plot of |δb 0 (η 0 ) − δa 0 (η 0 )| /κ 2 1 as a function of the parameter µ. This plot shows how, for m O(few) × H 0 , the degree of anisotropy grows exponentially with m. Note also that, even for m = 0, we can have a small anisotropy imprinted on the CMB. As we will discuss below, however, in this case the original gradient in φ would not have been negligible during inflation, and its effect should have been taken into account in the calculation of the primordial spectrum of density fluctuations.
V. ON THE INITIAL GRADIENT
In this section we discuss the magnitude of the initial gradient κ 1 (0) ≡κ 1 H 0 M Pl . Since for H m the evolution of the field φ is frozen by Hubble friction, we have φ κ 1 (0) z inside our Hubble patch. As a consequence, the energy ρ φ = T φ tt scales as κ 1 (0) 2 / 2 a 0 (t) 2 . This gradient term redshifts as a(t) −2 , i.e., as spatial curvature. During inflation, with Hubble parameter H I , φ provides a fraction
of the background inflaton energy, where N is the number of e-foldings from the end of inflation and a end is the scale factor at the end of inflation. In particular, if inflation lasted N i e-foldings and we denote by
1/4 the reheating temperature (we assume instantaneous reheating and ignore the effects of g * , the effective number of relativistic degrees of freedom in the system), then we can trade κ 1 (0) for (ρ φ /ρ tot )| i computed at the beginning of inflation
where we have used a end = T 0 /T RH with T 0 2×10 −4 eV being the current value of the CMB temperature.
As discussed in section IV, data require |δb
where the quantity |δb 0 (η 0 ) − δa 0 (η 0 )| /κ 2 1 is plotted in figure 1 .
Finally, we use the relation e N obs (H I T 0 )/(H 0 T RH ) (N obs is the number of observable e-foldings of inflation) to obtain the condition
(36) Therefore inflation can start with a sizable (but still smaller than unity) value of (ρ φ /ρ tot )| i provided N i is sufficiently larger than N obs . Then when the observable scales left the horizon, N obs e-foldings before the end of inflation, the perturbation in the scalar φ was a smaller fraction (by a factor exp [2 (N obs − N i )]) of the background energy, small enough to affect neither the dynamics of the inflaton nor that of the perturbations. The gradient in φ stays irrelevant until the Hubble parameter is comparable with m, when it will start increasing under the effect of the tachyonic potential and will give a perturbation of the right amplitude today.
To fix ideas we can set N obs = 60, µ = 10 (so that |δb 0 (η 0 ) − δa 0 (η 0 )| /κ 
10
−10 and it would have been negligible. In the absence of the tachyonic mass, the gradient of φ would be still negligible today. However, due to the tachyonic enhancement |δb 0 (η 0 ) − δa 0 (η 0 )|, the effects of such a primordial gradient will manifest themselves in the lowest CMB multipoles [27] .
Before concluding this section, let us discuss the possible worry that, since φ is effectively a massless field for most of the history of the Universe, its quantum fluctuations generated during inflation may be larger than the classical gradient that is central to our analysis. It is easy to choose the inflationary parameters in such a way that the quantum fluctuations are subdominant with respect to the original gradient. Indeed, the amplitude of the quantum fluctuations in φ will be of the order of H I , the Hubble parameter during inflation. During inflation, the modulation of φ at scales z H −1 0 , which are relevant today, is of the order of κ 1 (0) z κ 1 M Pl (ρ φ /ρ tot )| i e N obs −Ni M Pl . Assuming (ρ φ /ρ tot )| i = O(1), we see that, as long as H I
M Pl e N obs −Ni (e.g., H I 10 −5 M Pl in the example N i − N obs = 11 considered above), the effects of quantum fluctuations are negligible.
VI. CONCLUSIONS AND DISCUSSION
If inflation lasted a relatively short time, then some primordial gradients could exist as a relic of the chaotic pre-inflationary dynamics. A gradient in the quintessence field, even if too small to leave any detectable effects during the observable epoch of inflation, might be amplified by a tachyonic quintessence to have observable magnitude today. We have seen that in the simplest scenario, the dominant effect of the amplified gradient is on the CMB quadrupole, whose observed amplitude sets the strongest constraints on the parameters of the problem.
The fact that CMB fluctuations are affected only at the quadrupole level is a consequence of the approximation φ κ 1 (t) z. Higher powers of z in the expansion of φ would lead to the generation of higher multipole contribution. Generically, terms of order z n in the expansion of the scalar field φ(t, z) will generate contributions on both δa(t, z) and δb(t, z) up to order z n−1 , which, in turn, provide terms up to order z n+1 in ζ iSW as for equation (27) . That is, terms of order z n in φ(t, z) will affect C 's of = n + 1. Given the hints of multipole alignments up to ∼ 40, it would be interesting to be able to extend our mechanism in such a way that larger powers of z in the expression of φ(t, z) are generated. One possibility is that the self-interactions of φ during the recent cosmological evolution are responsible. For instance, if the quintessence field φ is given by a pseudo-Nambu-Goldstone boson, its potential is V (φ) = Λ [1 + cos (φ/f )] /2 (f 2 = Λ/(2 m 2 )). By following our analysis of section II, we see that, because of the Klein-Gordon equation, the coefficients of lower powers in z will act as sources for those of higher powers, hence generating higher multipoles. A further investigation of this mechanism is subject of future work.
